Two experiments were conducted to determine the effects of a mild or severe stressor on the saltwater preference of juvenile spring chinook salmon (Oncorhynchus tshawytscha). To observe the response of fish to an overhead threat, we presented stressed fish with an avian predator model in the second experiment. Experiments were conducted in 757-L tanks containing a stable vertical salinity gradient. Only 69% of fish stressed by being chased for 2 min before saltwater introduction (mild stressor) held in salt water, whereas 95% of unchased control fish preferred the saltwater layer. After the more severe handling and confinement stressor, only 20% of fish entered and remained in salt water compared with 100% of unstressed controls. After the presentation of the avian model, stressed fish holding in fresh water moved into the saltwater layer, but this behavioral response was transient. Fish began returning to fresh water within 10 min, and after 1 h, only 26% of stressed fish remained in the saltwater layer. Stress significantly decreases the saltwater preference of chinook salmon that would otherwise select full-strength salt water and may affect behavior in the estuary. Although smoltification primes these fish for seawater residence, stress apparently induced a conflicting physiological motivation.
Introduction
Juvenile spring chinook salmon (Oncorhynchus tshawytscha) outmigrating through novel estuarine environments may be faced with an array of environmental stressors before entering seawater, but little is known about how stress might alter the behavior of these fish with respect to saltwater entry. The physiological characteristics of the stress response have been thoroughly studied in salmonids (Pickering 1981; Adams 1990; Iwama et al. 1997) . However, behavioral assays of stress are less common. Many authors promote behavioral studies as a link between small-scale, individual physiological processes and large-scale, population processes (Schreck 1990; Wedemeyer et al. 1990; Schreck et al. 1997) . Thus, investigating behavioral aberrations may lend insight into the ecological significance of stress for fishes.
Laboratory studies involving behavioral effects of stress often focus on interactions of stressed salmonids with predators. Kruzynski and Birtwell (1994) found that juvenile chinook salmon exposed to the antisapstain fungicide 2-(thiocyanomethylthio) benzothiazole (TCMTB) were five times more likely than unexposed fish to be eaten by yellowtail rockfish (Sebastes flavidus). Juvenile coho salmon (Oncorhynchus kisutch) subjected to a simple handling stressor and allowed a 1-min recovery period were more susceptible to predation by lingcod (Ophiodon elongatus) than unstressed controls (Olla et al. 1992) . In that study, no difference in predation rate was evident if fish were allowed to recover for more than 90 min. Similarly, Mesa (1994) showed that stressed juvenile chinook salmon were preferentially preyed upon by northern pikeminnow (Ptychocheilus oregonensis), but after 1 h, stressed and unstressed fish were consumed equally. Studies by Järvi (1989a Järvi ( , 1989b support the notion that stress also inhibits normal predator-avoidance behavior in Atlantic salmon (Salmo salar).
Additional studies have investigated behavioral deviations resulting from stress. Cover-seeking time was increased for juvenile chinook salmon exposed to multiple acute handling stressors (Sigismondi and Weber 1988) . Pulp mill effluent altered the schooling behavior of chum (Oncorhynchus keta) and coho salmon (Birtwell and Kruzynski 1989) . Feeding activity of salmonids decreases in response to several stressors including acidity (Jones et al. 1987) , toxicants (Folmar et al. 1981; Jones and Hara 1988) , and handling (Pickering et al. 1982; McCormick et al. 1998) . Chinook salmon smolts suffering from advanced bacterial kidney disease (BKD) showed a decreased preference for salt water (Price and Schreck 2003) and an increased risk of predation (Mesa et al. 1999) .
The physiological stress response is considered an adaptive mechanism by which a perturbed organism attempts to regain homeostasis and increase survival (Selye 1950; McEwen 1998; Schreck 2000) . However, the above examples indicate that stress-induced behavioral changes may place fish at a higher risk of predation. In nature, fish are often exposed concomitantly to several conflicting stimuli or stressors and must make choices to maximize survival. Although the stress itself may not be lethal, "ecological death" may ensue when the synergistic effects of multiple stressors result in maladaptive behavior inappropriate within the fish's ecological context (Schreck et al. 1997) .
We conducted two laboratory experiments to determine the effects of relatively mild stressors on the saltwater-entry behavior of yearling "ocean-type" spring chinook salmon smolts. Radiotracking studies indicate that spring chinook salmon outmigrate through the Columbia River with the current (C.B. Schreck, unpublished data). Thus estuarine residence time is very brief (several hours) compared with other life history types that may reside in the estuary for days or months. Because these fish must quickly make the transition into salt water, factors that decrease their preference for salt water may be detrimental to successful outmigration. We wanted to simulate stress levels experienced by fish naturally migrating through the estuary and encountering salt water for the first time. Additionally, we were interested in the combined effects of stress and an avian predator model on saltwater-entry behavior. Our results suggest that the conflicting physiological demands of stressed salmon encountering salt water can lead to suboptimal behavior, and we discuss possible ecological ramifications of this behavior.
Methods

Test fish
Yearling chinook salmon used in these experiments were obtained as fingerlings (5-10 cm) from Oregon's South Santiam (experiment I) and Marion Forks (experiment II) hatcheries and reared at Oregon State University's Fish Performance and Genetics Laboratory at Smith Farm, Corvallis, Oregon. Both hatcheries are within the Willamette River system and the stocks are genetically similar (Myers et al. 1998) . Fish were held indoors with natural lighting in 2-m-diameter, circular tanks and fed to satiation twice per day for at least 4 months until needed for experiments. During rearing, water temperature was 12.8-14°C. In experiment I, yearling chinook measured 16.9 ± 2.9 (± standard deviation) cm and weighed 59.6 ± 26.5 g. In experiment II, yearling chinook salmon measured 16.8 ± 2.2 cm and weighed 65.4 ± 28.6 g. The fish in both experiments were statistically similar in both length and weight (t test, P = 0.9147 and 0.5687, respectively). All fish had undergone morphological changes associated with smoltification: partial or full loss of parr marks, silvering, and darkening of fin margins. Hatchery cohorts are historically released at the time of these experiments, further supporting that these fish were preparing for migration into salt water. Experiments were conducted at Oregon State University's Oak Creek Laboratory, Corvallis, Oreg. As needed, fish were transported for 15 min from the Fish Performance Laboratory in 130-L plastic cans supplied with oxygen. No fish died during or after transport. Water temperature at the Oak Creek Laboratory ranged from 8 to 10°C.
Saltwater preference tanks
Saltwater preference experiments were carried out in four, 757-L rectangular tanks (1.83 m × 0.66 m × 0.60 m) with Plexiglas® front windows and flowing (3 L·min -1 ) well water. Each was enclosed by a black plastic curtain with holes cut out to allow for visual observation. Fluorescent lights were suspended above each tank. Light was diffused by fiberglass netting on frames suspended below the bulbs. During experiments, salt water (30 ppt) was introduced into the bottom of each tank from one of two header tanks. Header tanks were 1-m-diameter, circular tanks (450 L) and were elevated approximately 1.5 m above the bottom of the experimental tanks. Each header was connected to one of the preference tanks by plastic pipes running along the bottom of the experimental tanks. These pipes had small holes drilled in two rows that allowed salt water to slowly diffuse to the tank bottom.
Fish transported to the Oak Creek Laboratory were randomly placed into preference tanks and held in aerated, flowing water for 48 h. This allowed fish to acclimate to the new tank conditions. No fish died during acclimation. Preliminary work found that after 48 h fish began feeding normally, so we considered them to be acclimated after this time. When fish were first introduced to the tank, they generally settled on the tank bottom in a tight group. Once ac-climated, this behavior was not observed. Fish were not observed resting directly on the tank bottoms. Instead, fish tended to position themselves 5-30 cm off the bottom. Fish were dispersed throughout the tanks and actively explored all areas of the tank, including the surface. Tight schooling of the fish was never observed. The photoperiod was set to the ambient light cycle. Fish were not fed during acclimation or experiments to reduce disturbance to the tank.
After acclimation, 379 L of salt water was mixed in each header tank using Instant Ocean® artificial salt and was aerated. Dissolved oxygen levels were similar between experimental tanks and header tanks and were near saturation. Ten minutes before saltwater introduction, water supply and aeration were turned off to prevent mixing. This lack of flow in the tank also removed flow as a possible directive stimulus. The valves from the header tanks were then opened and salt water began to flow into the bottom of the preference tanks, pushing the lighter fresh water out of the top-draining standpipe. This created a stable saltwater layer in the bottom of the water column with a freshwater layer on top. The halocline was visible, so it was easy to distinguish whether fish were in salt or fresh water. The same person (C.S.P.) made all observations to eliminate observer bias as a confounding factor. Every 10 min the number of fish holding in fresh or salt water was observed and recorded. Care was taken to ensure that the positions of all fish were accounted for. This interval was chosen because at this time the saltwater layer had increased to 5 cm in depth, which was about the height of the fish at this size. Thus, at the first observation time, it was possible for a fish to be holding completely in salt water. Some fish did not hold in one layer or the other, but instead moved between the two layers. These were tallied separately from the other two behavioral groups. A fish was considered to be moving between the layers if it left the layer in which it was seen at the beginning of each counting observation one or more times. Behavioral counts took less than 1 min to tally. Although individual fish were not marked, there were few enough fish in the tank that the movement patterns (i.e., holding in a layer or moving between them) of each fish could be readily assessed within this time. Fish that were holding in either the fresh-or salt-water layer were easy to count as they typically did not move about quickly. Thus, fish moving vertically between the layers could easily be distinguished and counted. It took just under 1 h for all of the salt water to flow into the tanks. At this time, the bottom half of the water column (30 cm deep) was saline and the top half was fresh. Observations were continued for another 60 min. Preliminary experiments with dyed salt water showed that the halocline was stable for several days when no fish were present, and no mixing occurred. Early tests also found that with fish in the tanks (and some potential mixing from swimming), salinity in the top half remained below 3 ppt for at least 24 h.
Experiment I: effects of a mild chasing stress on saltwater preference of juvenile chinook salmon
We conducted this experiment to determine the effects of a mild stressor, which simulated a fish being pursued by a predator, on the saltwater preference of chinook salmon. A preliminary experiment was conducted to establish that a physiological stress response could be elicited by chasing fish with a large net. On 27 January 1999, 15 fish were stocked into each of two preference tanks and allowed to acclimate for 48 h. In one tank, fish were chased with a dip net (opening was 30 cm × 45 cm) for 2 min. Fish were not held in the net or removed from the water. Fish in the other tank served as controls and were not disturbed. After 45 min, fish from both tanks were quickly (~1 min) netted out and immediately killed by overdose of tricaine methanesulfonate (200 mg·L -1 ). Blood was collected from all fish in heparinized capillary tubes after severing the caudal peduncle. The blood was centrifuged, plasma was collected, and samples were stored at -80°C until analysis. Plasma cortisol levels were assessed as an indicator of stress using a radioimmunoassay (Foster and Dunn (1974) and modified by Redding et al. (1984) ).
On 21, 25, and 29 March and 2 April 1999, 52 naive fish were transported to the Oak Creek Laboratory, divided equally between the four preference tanks, and allowed to acclimate for 48 h. On each experimental day, four tanks could be observed; however, only two could be viewed simultaneously. Therefore, two consecutive sets of experiments were done per day, each consisting of one control (not chased) and one treatment (chased). In total, eight tanks with chased fish and eight tanks with unchased fish were observed. Tanks were alternately assigned over all the experiments to serve for either control or treatment. After acclimation, fish in treatment tanks were chased with a dip net for 2 min as described above. Salt water was then introduced and fish positions were recorded as previously described.
Experiment II: effects of a handling stress on saltwater preference of juvenile chinook salmon and response to avian model This experiment was conducted to investigate the effects of a more severe handling stressor on saltwater preference and to determine the response of stressed fish to an avian predator. On 2, 7, and 9 February 2000, 40 naive fish were transported to the Oak Creek Laboratory, equally divided between the four preference tanks, and allowed to acclimate for 48 h. The design of the experiment was similar to that used in experiment I. After acclimation, fish in treatment tanks were quickly removed by dip net and placed for 15 min in a 21-L bucket containing 8 cm of water and an airstone. They were then returned to the preference tank, salt water was introduced, and fish positions were recorded. In the treatment tanks, once all salt water had entered the tank, an avian predator model was suddenly introduced through a hole in the plastic curtain. The model was constructed to mimic a tern (Sterna sp.), a surface-feeding bird common in estuaries and known to feed on salmonid smolts (Collis et al. 2001) . The model was cut from 2.5-cm-thick Styrofoam, covered with white colored tape and painted to resemble a bird viewed from below. The model was 36 cm long from beak to tail, its wingspan was 31 cm, and it was suspended by clear monofilament line from a thin, 1.3-m-long pole. The model was suspended over the tank for 3 s, dropped momentarily on the mesh tank cover (8 cm above water surface), and then held above the tank for another second before being removed from the tank area. Tank covers were left in place so that conditions in the tank after the stress experience were identical to conditions before stress and to control tanks. Prior observations found that fish were more oriented toward the tank bottom when covers were not used, and we wanted to avoid this as a potential confounding factor. After the model was presented, fish positions were recorded immediately after the model was removed from the tank area and then every 10 min for another hour. Observations of control fish (no stress and no model) were conducted for 1 h during saltwater introduction and for 1 h after introduction.
Statistical analysis
Each tank was considered an independent replicate. For each tank, the percentages of fish holding in salt and fresh water or moving between the layers at 60 and 120 min were calculated. These data were arcsine transformed to make them continuous. Multifactor analysis of variance (ANOVA, P < 0.05) was used to determine any treatment, tank, and date effects. In both experiments, the only significant factor was treatment; therefore, the replicates for each of the two treatments were pooled for one-way ANOVA. If data were skewed, the nonparametric Kruskal-Wallis comparison of medians was performed to determine treatment effect. For pairwise comparisons, post-hoc t tests were used.
Results
Experiment I: effects of a mild chasing stress on saltwater preference of juvenile chinook salmon
The preliminary stress experiment found that chasing fish with a dip net for 2 min did elicit a stress response. After 45 min, the mean cortisol concentration of the chased fish was 145 ± 30.8 (± standard deviation (SD)) ng·mL -1 compared with 60 ± 39.0 ng·mL -1 for controls (t test, P < 0.0001).
The latter concentration is consistent with increased cortisol levels found in smolted chinook salmon. When salt water was first introduced and perceived, control fish initially avoided it and then gradually began moving into the saltwater layer. They usually spent 10-20 min moving between the two layers. Some fish immediately entered and remained in salt water, which often meant holding in a layer <5 cm from the bottom. Once a fish held in salt water, it usually did not return to fresh water for the duration of the experiment. As the saltwater layer deepened, fish holding there moved throughout the layer. Most fish that avoided salt water and chose to hold in fresh water had explored the saltwater layer multiple times. Fish holding in both salt and fresh water were frequently observed swimming to the halocline, but not across it. A few fish that were "undecided" would position themselves directly on the halocline as the saltwater layer moved up the water column. Stressed fish generally settled near the bottom of the tank after being chased. However, they quickly moved up in the water column in response to the addition of salt water. Chased fish were less likely to enter and hold in the saltwater layer, as described below.
No date or tank effects were found (ANOVA, P = 0.3454 and 0.2014, respectively), so the eight replicates of chased or unchased fish were pooled for the four dates. After 60 min, 63 ± 29% of fish that had been chased were holding in salt water compared with 96 ± 11% of control fish (Table 1 ; Fig. 1 ; Kruskal-Wallis, P = 0.0128). This trend continued, and after 2 h, 69 ± 15% of chased fish and 95 ± 9% of controls were holding in the saltwater layer (Kruskal-Wallis, P = 0.0035). In control tanks, half of the fish had entered and remained in salt water within 24 ± 15 min compared with 65 ± 36 min for chased fish (Kruskal-Wallis, P = 0.0056). Not only did fewer chased fish choose to remain in salt water, but it also took them longer to make that choice.
Experiment II: effects of a handling stress on saltwater preference and response to avian model of juvenile chinook salmon
General behavior patterns of stressed and control were similar to fish in experiment I. No date or tank effects were found (ANOVA, P = 0.7917 and 0.9883, respectively), and replicates from the two treatments were pooled for the three dates. In all six control tanks, 100% of the fish were holding in salt water after 60 min (Table 2 ; Fig, 2a) , and more than half of them held there within 25 ± 8 min. After all of the salt water was introduced, only 20 ± 13% of stressed chinook were holding in salt water (Table 2; Fig. 2b ; KruskalWallis, P = 0.0019). In none of the tanks did more than half of the stressed fish hold in salt water after 1 h. Once the avian model was dropped, all of the stressed fish holding in fresh water or moving between the layers immediately moved into the saltwater layer (Fig. 2b) . In five of the six tanks, some of the fish began returning to the freshwater layer within 10 min of exposure to the predator model. After 1 h, only 26 ± 11% of stressed fish remained in the salt water. In one tank (9 February, tank 1), 90% of the stressed fish remained in the saltwater layer for 1 h after exposure to the model. By comparison, 100% of control fish were holding in salt water 1 h after saltwater introduction (Kruskal-Wallis, P = 0.0020).
Discussion
Our experiments found that both a mild chasing stressor and a more severe confinement stressor decreased the willingness of juvenile spring chinook salmon to remain in salt water at a developmental stage when unstressed fish prefer salt to fresh water. Although our experiments were conducted in different years and with two stocks of fish, we believe that genetic similarity between the stocks and the behavioral similarity of saltwater preference exhibited by control fish in the two experiments indicate that general comparisons can be made between the two experiments. The mild chasing stressor evoked less of a response in terms of saltwater preference. In experiment I, about half of the chased fish did not hold in salt water. Although a small percentage of these fish completely avoided salt water and held in the freshwater layer (about 5%), most of them retained some orientation toward high salinity. Throughout the observation period, 30-40% of the chased fish moved continuously between the two layers. It is important to note that although they did not hold in salt water, they did not necessarily avoid it. In contrast, 20-40% of stressed chinook salmon in experiment II held in the freshwater layer and did not move into the saltwater layer even briefly. The percentage of stressed fish holding in salt water was highest immediately after the avian predator model was presented, but within 20 min, half of the fish had either returned to the fresh water or resumed moving between the layers. Although the stressed fish retained the ability to perceive a threat and displayed appropriate avoidance behavior by moving into deeper water, their avoidance response was transient. In only one tank did most of the stressed fish remain in the saltwater layer for an extended period after the model was introduced. These fish remained tightly grouped for the hour after the model was presented. Schooling behavior in prey fish often increases in the presence of predatory threat and is a group response to perceived danger (Pitcher 1986; Diana 1995) . This behavior contrasted sharply with that of the other stressed fish for which behavior was more influenced by each individual's physiological state.
Stress is known to cause electrolyte imbalance in salmonids (Eddy 1981; McDonald and Milligan 1997) and we suggest that this is the most likely explanation for the avoidance of salt water by stressed fish in our experiments. Stressed fish have higher water and ion flux across the gill epithelium (McDonald and Milligan 1997) . Freshwater fish tend to lose electrolytes and gain water, whereas the opposite occurs in saltwater-adapted species (Mazeaud et al. 1977) . Redding and Schreck (1983) subjected yearling coho salmon acclimated in fresh water to a confinement stress and immediately placed them in seawater. Plasma sodium concentration and osmolarity remained elevated for 24 h, and there was a high mortality rate for these fish.
Although isotonic concentrations of salt have been found to be beneficial to fish recovering from stress (Wedemeyer 1972; Strange and Schreck 1980; Redding and Schreck 1983) , high salinity may be a serious threat to recovery and survival. For example, Järvi (1989b) found that Atlantic salmon exposed concomitantly to osmotic stress and exposure to a predator were nearly twice as likely to be eaten compared with fish that were exposed to each stressor alone. The saltwater challenge test conducted at Lower Granite Dam found that spring chinook salmon mortality in saltwater challenge tests was positively related to the amount of stress that the fish had experienced while passing through collection and raceway facilities (Matthews et al. 1986 ). Both of these studies suggest that when stressed fish first encounter salt water, it may be perceived as an additional stressor.
Avoidance of salt water by stressed chinook salmon has been reported in salmonids (Kruzynski and Birtwell 1994) . Chinook salmon exposed to the toxicant TCMTB were placed together with predators in a vertically stratified (fresh over salt water) 15 500-L tank. Preliminary experiments found that although fish survived toxicant exposure in fresh water, subsequent exposure to seawater resulted in 90% mortality. Although nonexposed chinook salmon held in the saltwater layer, exposed fish were typically observed holding in fresh water or just below the halocline. Exposed fish also showed reduced orientation to cover and swam erratically. As a result of these behavioral changes, predation by yellowtail rockfish was greater on exposed fish.
Chinook salmon suffering from BKD also showed a decreased preference for salt water under experimental conditions similar to those of this study (Price and Schreck 2003) . Only 31% of sick fish held in salt water, and preference was correlated with severity of infection. Fish with BKD typically exhibit high mortality in salt water because of decreased osmocompetence (Moles 1997) , despite the fact that the disease does not seem to inhibit the smolting process (Mesa et al. 1999) .
Another study in our laboratory (C.B. Schreck, unpublished data) investigated the delayed behavioral effects of multiple stressors on smolted chinook salmon. In this study, fish were subjected over 16 days to a series of eight severe handling stressors to simulate passage through multiple hydroelectrical dams, and a physiological stress response was observed, as indicated by elevated cortisol concentrations. Three hours after the last stressor, cortisol levels had returned to baseline values. After a 2-week recovery, saltwater preference tests were performed on multiple-stressed fish and unstressed controls. Over 90% of the control fish held in salt water compared with only 30% of stressed fish. These percentages are consistent with the results from the present study. Although recovery of the primary physiological responses from the stress occurred within hours, delayed behavioral effects were still apparent more than 2 weeks later.
In the present experiments, control fish quickly made the choice to hold in salt water, whereas stressed fish likely perceived the salt water as an additional stressor. Thus, stressed fish were forced to make a choice between two conflicting physiological motivations. Chinook salmon in these experiments were in the latter stages of smoltification, which is defined as the sum of physiological, morphological, and behavioral changes that anadramous salmonids undergo to prepare for ocean residence (Folmar and Dickhoff 1980; Wedemeyer et al. 1980; Hoar 1988) . Although their ultimate physiological state would tend to facilitate entry into salt water, the proximate physiological restrictions imposed by stress seemed more important in determining their preference behavior. Furthermore, the degree of behavioral shift reflected the severity of the stressor.
The stressed chinook salmon were again faced with conflicting stimuli when an additional stressor (i.e., the avian Note: An avian predator model was presented to stressed fish 60 min after the beginning of saltwater introduction and all stressed fish were in the SW layer. Means in the same column with different letters are significantly different (p < 0.05). SD, standard deviation. Table 2 . Saltwater (SW) preference of stressed and control juvenile chinook salmon in experiment II. model) was introduced. By moving into the saltwater layer, fish seemingly made the appropriate choice with regards to immediate threat. However, they chose not to remain in salt water once the model had been removed. In preliminary trials using a mild chasing stressor, fish that had initially avoided salt water also responded to overhead disturbance by moving into the lower, saltwater layer. These fish typically remained in salt water for up to 1 h, but this was not investigated further in formal experiments. However, this difference in response behavior reinforces our observation that the severity of the initial stressor affects the willingness of fish to hold in salt water.
Our results suggest that if juvenile chinook salmon are stressed during the estuarine phase of outmigration, their orientation toward salt water may be compromised. Although it is known that salmonids can orient to salinity gradients (McInerney 1964) , little is known about how this environmental factor may be regulating vertical distribution of outmigrating fish in estuaries. Based on our laboratory findings, one might expect that mildly stressed fish would only briefly delay volitional entry into seawater. More severely stressed fish might avoid salt water altogether. In either case, this behavior is likely maladaptive and would expose fish to increased predation risk. Many estuaries have a stratified water column with less-dense fresh water floating on the denser salt water, and outmigrating salmon have been reported to display surface orientation during outmigration and under laboratory conditions (Birtwell and Kruzynski 1989) .
Avoidance of salt water in a stratified estuary has been reported for outmigrating juvenile chum salmon in Japan (Iwata and Komatsu 1984) . Laboratory experiments attributed this behavior to saltwater acclimation and improved osmoregulatory performance. If the freshwater lens is very shallow, salmonid smolts using it as a refuge from osmoregulatory stress may be more susceptible to avian predators feeding at or near the surface. Stressed fish would be compromised both by their position in the upper freshwater lens and by a stressinduced decrease in predator-avoidance response.
This study did not investigate the time that it took for stressed fish to behaviorally "recover" and enter salt water. Although short-term avoidance of salt water may be adaptive in terms of decreasing osmoregulatory stress, extended avoidance might be deleterious. Spring chinook salmon in the Columbia River estuary are moving through the estuary within one or two tidal cycles, so they must quickly acclimate to full-strength salt water and ocean conditions. Salmon with extended estuarine residence times could also be impacted if their use of the freshwater layer as an osmoregulatory refuge is extended. An efficient shift from fresh to salt water may be a critical factor in determining early ocean survival for salmon. Speculatively, fish that experience physiological or osmoregulatory stress in the estuarine environment may be more likely to succumb to adverse conditions after ocean entry.
Although management practices can by no means eliminate all potential stressors for outmigrating juvenile chinook salmon, efforts to improve overall fish quality or condition may maximize the ability of these fish to appropriately respond to environmental stimuli (Wedemeyer et al. 1980; Iwama 1992) . For example, our results suggest that ensuring that the fish released from hatcheries have reached a sufficient stage of smoltification will improve their physiological motivation to enter seawater. Improved engineering of dam passage facilities to reduce stress to fish during the riverine phase of outmigration would be advantageous for decreasing delayed stress effects. Natural stressors such as predators, toxins, or environmental perturbations would also be expected to elicit a behavioral stress response. Increased awareness of the interactions between physiology, stress, and behavior and experimental designs incorporating the effects of stress at multiple scales will improve our knowledge of the ecological relevance of stress. 
